OATAO is an open access repository that collects the work of Toulouse researchers and makes it freely available over the web where possible. Tellurium-filled double-walled carbon nanotubes ͑Te@DWNTs͒ have been studied by Raman spectroscopy in the temperature interval from 300 to 700 K employing 785 nm excitation wavelength, and their spectra have been compared to those of pristine double-walled carbon nanotubes ͑DWNTs͒. The DWNTs were synthesized by catalytic chemical vapor deposition. Assignment of the radial breathing modes and the tangential modes was done based on the one dimensional electronic energy band structure of carbon nanotubes. The tangential mode components of Te@DWNT are downshifted compared to those of pristine DWNT consistent with the proposed weakening of the carbon-carbon bond due to the introduced van der Waals interaction of the Te atoms with the DWNT. It was established that Te@DWNT can be unambiguously identified by the 30% temperature coefficient decrease of the GЈ-band position.
INTRODUCTION
The preparation and investigation of highly anisotropic one dimensional ͑1D͒ structures are some of the key objectives in nanoscience. The electronic, optical, thermal, magnetic, and catalytic properties of high aspect ratio nanocrystals are extensively studied. One recent advancement in carbon nanotube research is the production of DWNT filled with a variety of materials along the nanotube axis.
1,2 Double-walled carbon nanotubes ͑DWNTs͒ are of special interest because their morphology and properties remain very close to those of single-walled carbon nanotubes, with the main advantage that the outer tube protects the inner one. The introduction of materials into the hollow nanotube cavities could result in interesting effects on their physical and electronic properties thanks to the 1D-like organization of the matter. Here we report results obtained by micro-Raman spectroscopy of Te@DWNT. By comparing the main Raman bands and their temperature coefficients of pristine and filled carbon nanotubes, we find evidence of a decreased interaction between the carbon atoms in the nanotubes as a result of the additional van der Waals interaction between the Te atoms and the carbon nanotube inner wall.
EXPERIMENTAL
DWNTs were synthesized by catalytic chemical vapor deposition as described in a previous paper.
1 They were filled using a high filling yield capillary wetting technique. 2 DWNTs were mixed and gently ground together with Te powder ͑99.999% purity, Strem Chemicals͒. The mixture was vacuum sealed in a quartz ampoule which was heated in a programmed furnace at 5 K min −1 to 843 K ͑i.e., above the melting point of Te͒ followed by a dwell at this temperature for 10 h, followed by cooling first to 743 K at 1 K min −1 , then to 673 K at 0.1 K min −1 , and then down to room temperature at 1 K min −1 . Because of the impossibility to dissolve Te due to its very low solubility in acids, excess of Te located around the DWNT could not be removed by washing, as this is usually the case with soluble compounds.
2,3
Filling yield was roughly estimated to be ϳ50%, straight from transmission electron microscopy ͑TEM͒ observation, Fig. 1 .
Raman spectra were acquired using a Leica DMLP microscope coupled to a Raman system manufactured by Kaiser Optical Systems, Inc. The RamanRxn1™ analyzer incorporates the TE-cooled charge coupled device ͑CCD͒ detector for maximum sensitivity, Invictus™ NIR semiconductor laser with a wavelength of 785 nm ͑1.58 eV͒, and holographic grating to provide fast, simultaneous full spectral collection of Raman data. The spectral resolution of this Raman system is about 5 cm −1 . The laser spot diameter on the sample was 10 m. The size of the laser spot was calibrated using uniform size 1 m diameter polymer microspheres. The size of the laser spot on the DWNT sample was optimized by maximizing the Raman signal from the same area. The power density was maintained at the lowest level possible at this setup of 15 W / m 2 . Heating effects from the laser irradiation are negligible at this power density level. 4 The samples a͒ Electronic mail: sendova@ncf.edu. were heated in a Linkam THMS 600 heating stage in static air from 20 to 500°C at 5°C / min. Spectra were collected at room temperature and from 50 to 500°C every 50°C, after allowing 10 min for thermalization at each temperature point. All spectra were normalized and fitted using GRAMS/AL 7.02 ͑Thermo Electron Corporation͒ and ORIGINPRO ͑Origin Lab Corporation͒ softwares. The samples were in a powder form and the DWNTs have a range of diameters, therefore a single spectrum cannot be representative. Statistical average and standard deviation for every band and spectral component discussed in this article were obtained after analyzing 30 ͑50͒ spectra collected from different areas for the pristine DWNT sample ͑Te@DWNT sample͒ at room temperature. For the temperature studies extreme care was taken to assure identical position of the laser spot at each temperature point.
RESULTS AND DISCUSSION
The radial breading mode ͑RBM͒ band is the lowest frequency Raman spectral feature of carbon nanotubes and it is a result of coherent out-of-plane C-C bond stretching in radial direction. 5 The position of the Lorentzian components of the RBM band is directly related to the nanotube diameter. Given the significant diameter distribution of DWNT in the powder sample, 1 even when micron sized spot of the excitation radiation is used, the RBM band becomes a superposition of considerable number of Lorenzians. Since neither the number of the spectral components nor their linewidth can be determined before hand, only rough diameter estimates can be carried out using the most prominent RBM spectral features. In addition, instrument resolution limitations do not allow us to detect any splitting of the carbon nanotubes Raman lines, due to the Te atoms inside the CNTs as predicted theoretically by Bose et al. 6 The RBM band of Te@DWNT is shown in Fig. 2͑a͒ . While the electronic structure depends on tube diameter, Raman scattering resonance follows the electronic structure of the tube. According to the calculations for the energy separation between mirror-image electronic density of states van Hove singularities, E ii as a function of the nanotube diameter, the energy of the excitation photons in our experiment ͑1.58 eV͒ matches the E 11 M for larger diameter, 1.59 nm ͑most probably outer͒ metallic nanotubes, and the E 22 S for smaller diameter, 1.05 nm ͑most probably inner͒ semiconducting nanotubes. 7 It is common, at the given photon excitation, to detect a range of diameters at 1.5-1.7 nm for metallic carbon nanotubes ͑CNTs͒ and 1.0-1.1 nm for semiconducting CNTs to be detected which electronic transitions fall into Ϯ0.1 eV from the incident photon excitation energy. 8 The position of the RBM components is estimated by multi-Lorentzian least square fitting performed in the range of 120-290 cm −1 , Fig. 2͑a͒ . The position, width, and the intensity of each Lorentzian line shape were free fitting parameters. Typically, the minimum number of spectral components allowing satisfactory RBM band fit was 8. Their full width at half maximum ͑FWHM͒ varied between 10 and 30 cm −1 . There was not any detectable systematic difference in the components of the RBM band between the pristine and filled DWNT samples. The corresponding RBM spectra of the pristine and Te@DWNT are overlaid in Fig. 2͑b͒ . The positions of the resolved components of the RBM bands are summarized in column 2 of Table I . As first approximation, DWNT diameter estimate can be done by applying the empirical relation: d exp = 248/ , which was established by resonant Raman scattering of individual single-walled carbon nanotubes ͑SWNTs͒. 8 The SWNT relation has been implemented for estimating the diameters of the two carbon shells constituting a single DWNT. 9, 10 In order to characterize the electronic properties of the CNTs, and thus assign the spectral features of the Raman G band, the chiral vector components ͑n , m͒ are determined, based on their relation to the Table I . The resonant energy associated with the experimentally determined CNT diameter is calculated based on the tight binding model ͑the transfer integral is ␥ o = 2.9 eV, and the C-C distance is a C-C = 0.144 nm͒ 8 and presented in the last column of the same table. For the semiconducting nanotube ͑most probably inner͒ resonant energy difference occurs at E 22 S ͑d͒ =2E 11 S =4a c-c ␥ o / d and for the metallic ͑most probably outer͒ nanotube resonant energy occurs at E 11 M ͑d͒ =6a c-c ␥ o / d. 11 The transition energies are summarized in column 5 of Table I . The RBM modes for SWNT at 785 nm laser excitation line are listed in the first column of the same table for comparison reasons. Four components of the RBM band can be assigned following SWNT approximation. One of them is the most intense low frequency component ͑156 cm −1 ͒, attributed to a metallic ͑13,10͒ nanotube shell. The SWNT model for the CNT with a diameter of 0.94 nm yields an energy of 1.73 eV, which is outside of the accepted resonant window. The smallest SWNT diameter having transition energy within the resonant window 1.58Ϯ 0.1 eV is 1.05 nm. However, according to the same SWNT model, for 1.05 nm diameter nanotube the RBM mode should be at 249 cm −1 , which is 14 cm −1 lower than the detected component. Given the fact that the detected nanotubes have to be in resonance with the incident radiation, ͑1.58 eV͒ we can conclude that there is an energy increase in the corresponding interband optical transition in DWNT in comparison to the SWNT. This increase results in an upshift of the RBM mode of the CNT as compared to the corresponding RBM mode of a SWNT with the same diameter ͑1.05 nm͒. Similar reasoning can be applied for the assignment of the 170, 200-210, and 254 cm −1 components. Theoretical justification for the RBM mode upshift is found in calculations performed for breathinglike phonon modes in double-walled 12,13 and multiwalled 14 carbon nanotubes. The calculations indicate frequency upshift in comparison to the RBM position of a single nanotube with a given diameter due to carbon shell interaction. Low temperature high resolution Raman studies confirmed the frequency upshift of the RBM modes for both inner and outer CNTs up to 12 cm −1 . 15 High resolution Raman measurements may reveal the existence of any splitting of Raman peaks due to the presence of the Te atoms inside the CNT, as theoretically suggested. 6 At the resolution level of our instrument we were able to detect only consistent increase of the FWHM of the two most intense RBM components ͑156 and 263 cm −1 ͒ in the filled DWNT as compared to the pristine DWNT. Our studies indicate weak temperature dependence of the RBM components both for pristine and filled DWNT. The RBM bands of Te@DWNT at room temperature and at 400°C are presented for comparison at Fig.  2͑c͒ . As can be seen, at 400°C the maximum component upshift is 2 cm −1 , accounting for a temperature coefficient not larger than 0.5ϫ 10 −2 cm −1 / K and there is no apparent dependence on the tube diameter. The temperature coefficient and its independence from the tube diameter is in agreement with the temperature study of the RBM band of individual SWNT on SiO 2 substrate at 632 nm excitation. 16 However, another Raman spectroscopy temperature study 17 of DWNT ͑synthesized by floating catalyst chemical vapor deposition͒ at 632 nm laser excitation line indicated RBM temperature coefficient decrease for the high frequency RBM components. The results from our study are in agreement with the temperature coefficient of the highest frequency component of the RBM band reported by Ci et al. 17 G band ͑TM band in some references͒ is the most intense Raman spectral feature ͑1550-1600 cm −1 ͒. It is a result of tangential C-C bond stretching. The position and the line shape of the G-band components are different for semiconducting and metallic CNTs. 18 Therefore, the G band in our study requires contribution from both semiconductor and metallic CNT spectral features. It has been established that the G band of the metallic SWNT consists of two components: a Lorentzian line shape higher frequency component at around 1580 cm −1 and a Breit-Wigner-Fano ͑BWF͒ line shape component at lower frequencies ϳ1545 cm −1 . The asymmetric BWF line shape is described by 19 
I͑w͒
where 1 / q has a negative value and is a measure of the electron-phonon coupling, o is the peak frequency at maximum intensity I o . BWF function was used to fit some of the Raman bands of the metallic forms of sp 2 carbons in metallic SWNT 20 and DWNT. 9 For very small ͉1 / q͉ parameters the function becomes a Lorentzian. The number of components of the G band of semiconducting SWNT predicted by the group theory is six and has been well explained. 20 Symmetry assignments of four Lorentzian components of the G band ͓ϳ1549 cm
and ϳ1607 cm −1 ͑ E 2 + ͔͒ of single semiconducting SWNT have been reported. 21, 22 Following the theoretical predictions one should expect at least six G-band components when semiconducting and metallic CNTs are present. However, in a first approximation, for comparative reasons we analyzed the G band of the DWNT powder samples by fitting it with the minimum number of Lorentzians and one BWF line shape reflecting the assignments suggested from the most prominent features of the RBM band. The G-band profile of all DWNT samples can be fitted satisfactory with two Lorentzian line shapes and one BWF function, see Fig. 3͑a͒ . Employing more than three components without knowing their position and width can be ambiguous and subjective. The position ͑͒ and the FWHM ͑⌫͒ of each G-band component for the pristine and filled nanotubes are summarized in Table II . The standard deviation due to the uncertainties of the fitting is estimated as well. The BWF component in our fit can be considered a superposition of the metallic BWF component and the G − component of the semiconducting nanotubes. The strong graphitelike feature can be associated to G + mode, and the higher frequency Lorentzian line shape to the E 2 + component of a semiconducting shell. This assignment of the Lorentzian G-band components is in a good agreement with the assignment of the G band of empty DWNT powder samples reported by Puech and co-workers 23, 24 at 514, 568, and 647 nm Raman excitation wavelengths. The BWF component of filled DWNT is broader, downshifted, and has a smaller interaction parameter 1 / q in comparison to those parameters in pristine DWNT samples. The other two components of the G band exhibit a downshift too. Moreover, the higher frequency Lorentzian associated with the inner semiconducting nanotubes has the largest downshift of 9 cm −1 . The G bands of pristine and Te@DWNT at room temperature are compared in Fig. 3͑b͒ . Similarly, other authors report that the G band of SWNT exhibit a downshift associated with increased curvature effects in smaller diameter metallic tubules. 20 On the other hand, curvature effects are associated with admixture of sp 3 character into the sp 2 − sp 2 C-C interaction. Since, the C-C sp 3 bond is weaker than C-C sp 2 bond, downshift in the G-band component in smaller diameter SWNT is associated with weakening the C-C bond and thus downshift of the Raman line. Therefore, the experimentally established trend in the position of each of the G-band components of the Te@DWNT might indicate weakening of the C-C bond as a result of the additional van der Waals interaction of the filling Te atoms. In addition, support of these considerations can be found in the published findings of the G-band ͑1580 cm −1 ͒ downshift, up to 5 cm −1 , proportionally to the number of graphene layers, attributed to the additional van der Waals interactions between the layers. 25 The temperature dependence of each one of the G-band components for both samples is presented in Fig. 3͑c͒ . The temperature coefficients and the corresponding intercepts are summarized in columns 6, 7, 12, and 13 in Table II . For comparison, the measured value of the temperature coefficient of the G mode ͑1582 cm −1 ͒ of highly oriented pyrolitic graphite ͑HOPG͒ is 0.011 cm −1 / K. 26 The temperature coefficient of the Lorentzian component ͑ E 2 + ͒ associated with the Te filled semiconducting nanotubes has a value closest to that of HOPG and it is about 30% smaller compared to that of the pristine DWNT. The change of phonon frequency with temperature stems from the anharmonic terms in the lattice potential energy. In general, two main effects contribute to the phonon shift: purely thermal effect ‫ץ͑‬ / ‫ץ‬T͒ V and volume related effect due to lattice expansion ‫ץ͑‬ / ‫ץ‬V͒ T ͑‫ץ‬V / ‫ץ‬T͒ P . The thermal expansion coefficient of the tube diameter and the lattice constant for SWNT are very small and are experimentally determined by x-ray diffraction studies to be of the order of 0.15ϫ 10 −5 and 0.75ϫ 10 −5 K −1 , respectively, between 300 and 950 K. 27 Therefore, the pure thermal effect, but not the volume expansion effect, determined the temperature coefficients of the components in the G band. 5, 17 The intrinsic physical origin of the pure thermal effect of the Raman spectrum temperature shift is the temperature dependence of the C-C force constant which is proportional to the square of the phonon frequency. 28 Our experimental results for the G-band temperature coefficients suggest that weakening the C-C force constant leads to a decrease in the corresponding temperature coefficient. This is in agreement with our previous experimental results for PbI 2 @DWNT heated by laser irradiation. 29 The proportionality between temperature coefficient and bond strength in SWNT is manifested in the relative magnitudes of the temperature coefficients of the RBM, D band, and G band, increasing in this order. 30, 31 The position of the G band, it temperature coefficient, and the variation of these values across the powder sample obtained from this study are summarized in the second row of Table  III. G-band components The D and GЈ bands ͑2D band in some references͒ are due to one-and two-phonon second order Raman scattering processes, respectively. 32 D band in the Raman spectra of the carbon nanotubes is a result of scattering in the presence of in-plane defects lowering the symmetry of the crystalline lattice. Its overtone, the GЈ band is an intrinsic property of any sp 2 carbon material. Therefore, it is not selective to the CNT diameter ͑as RBM and G bands͒ and it is much more intense than the disorder-induced D band, and is observed even when the D band is absent ͑in crystalline graphite͒. 5 The relative intensities of the D and GЈ bands in our samples and their variation across the sample are summarized in Table III . The D and GЈ bands were fitted satisfactory by a single Lorentzian component, Figs. 4͑a͒ and 4͑c͒ . The position, FWHM, and the relative intensity of both bands across the sample of pristine and filled DWNT are summarized in Table  III . Overall, the GЈ band is less intensive in the Te@DWNT samples. On average, the GЈ band of Te@DWNT is upshifted. This is in agreement with our previous study of PbI 2 @DWNT. 29 In addition, Ferrari 25 reports experimentally found upshift of the GЈ band of multilayer graphene in comparison to the single layer graphene attributed to additional van der Waals interactions between multiple graphene sheets. The results from the temperature study of the D and GЈ bands are presented in Figs. 4͑b͒ and 4͑d͒ . The temperature coefficients and the intercepts calculated from the linear fit for each Raman band are included in Table III . The most prominent characteristic distinguishing the Te@DWNT from the pristine DWNT is the significant decrease of their GЈ-band temperature coefficient, ϳ30%. The temperature dependence of the GЈ band may be a useful practical method for characterization and distinguishing filled from pristine DWNT powders.
CONCLUSIONS
Systematic comparative experimental temperature study ͑300-700 K͒ of the most prominent Raman bands of Te@DWNT in powder form was carried out. Frequency downshift of the G-band components is established. 30% decrease of the temperature coefficients of the G-band inner tube component and the GЈ-band is experimentally determined. Weakening of the sp 2 C-C bond as a result of the additional van der Waals interaction introduced by the filling Te atoms is suggested. The temperature coefficients of the high frequency G-band component and the GЈ band are found to be a sensitive probe for distinguishing between filled and unfilled DWNTs. 
